Murine coronavirus mouse hepatitis virus (MHV) produces a genome-length mRNA, mRNA 1, and six or seven species of subgenomic mRNAs in infected cells. Among these mRNAs, only mRNA 1 is efficiently packaged into MHV particles. MHV N protein binds to all MHV mRNAs, whereas envelope M protein interacts only with mRNA 1. This M protein-mRNA 1 interaction most probably determines the selective packaging of mRNA 1 into MHV particles. A short cis-acting MHV RNA packaging signal is necessary and sufficient for packaging RNA into MHV particles. The present study tested the possibility that the selective M protein-mRNA 1 interaction is due to the packaging signal in mRNA 1. Regardless of the presence or absence of the packaging signal, N protein bound to MHV defective interfering RNAs and intracellularly expressed non-MHV RNA transcripts to form ribonucleoprotein complexes; M protein, however, interacted selectively with RNAs containing the packaging signal. Moreover, only the RNA that interacted selectively with M protein was efficiently packaged into MHV particles. Thus, it was the packaging signal that mediated the selective interaction between M protein and viral RNA to drive the specific packaging of RNA into virus particles. This is the first example for any RNA virus in which a viral envelope protein and a known viral RNA packaging signal have been shown to determine the specificity and selectivity of RNA packaging into virions.
Within the "soup" of a virally infected cell, viral genome and viral proteins specifically and selectively coalesce into progeny viruses. The process of packaging the viral genome, or surrounding the nucleic acid with protein and possibly an envelope, is a critical step in production of new virus. Within their hosts, RNA viruses manufacture genomic RNA, antigenomic RNA, and, in some cases, subgenomic-length RNAs all in the presence of ubiquitous host cell mRNAs, tRNAs, and rRNAs. Occasional packaging of nongenomic viral RNAs and cellular RNAs results in noninfectious viruses, and yet this packaging seems to occur at constant rates which are characteristic for different species of viruses. Unchecked packaging of cellular nucleic acid into viral particles would be expected to overwhelm the ability of intracellular viral genomic RNA to associate with limited viral and host assembly factors. Each virus, therefore, probably has developed a defensive strategy for specific and selective packaging of intracellular genomic RNA into virus particles. RNA packaging signals required for viral RNA packaging are known for several RNA viruses (1, 3, 6, 9, 26, 28, 48, 65, 66, 81) , and for some of these, the packaging signal is all that is needed (1, 66, 80, 82) .
A critical step for the selective packaging of viral genomic RNA in those RNA viruses with icosahedral and spherical cores is the binding of core protein to intracellular genomic RNA; only the viral RNAs that associate with core protein are packaged into virus particles. The case for negative-strand RNA viruses with a helical nucleocapsid structure seems to be that both genomic and antigenomic RNAs form an intracellu-lar helical nucleocapsid structure. For some reason, only the genomic-length RNA is selectively packaged.
Coronavirus is an enveloped virus containing a large positive-stranded RNA genome of about 28 to 31 kb (13, 22, 32, 43, 44, 47, 64) . In infected cells, the virus produces an intracellular form of genomic RNA, mRNA 1, and six to eight species of subgenomic mRNAs (42, 45) . These virus-specific mRNAs comprise a nested set with a common 3Ј terminus (42, 45, 72, 73) and a common leader sequence of approximately 60 to 80 nucleotides (nt) at the 5Ј end (41, 71) . Only the genomic-length RNA, mRNA 1, is efficiently packaged into coronavirus particles. The subgenomic mRNAs generally are not incorporated into virus particles (43, 53, 55) or are incorporated at a low efficiency (15, 35, 70, 84) ; in the case of the prototypic coronavirus, mouse hepatitis virus (MHV), incorporation of MHV subgenomic mRNAs into MHV particles usually is undetectable (55) .
MHV assembly occurs at the smooth membranes of the intermediate compartment, between the endoplasmic reticulum and the Golgi complex (40, 76) . MHV contains three envelope proteins, M (formerly known as E1), E, and S. S protein is dispensable for packaging of viral nucleocapsid and viral assembly (36, 39, 69) , but M protein and E protein both are essential for viral envelope formation and release; coronaviruslike particles are assembled and released from cells that express both E and M proteins (12, 79) . M protein, the most abundant glycoprotein in the virus particle and in infected cells, is characterized as having three domains; these include a short N-terminal ectodomain, a triple-spanning transmembrane domain, and a C-terminal endodomain (2) . E protein is a transmembrane protein with its N-terminal two-thirds spanning the lipid bilayer twice (50) and the C-terminal region exposed in the virion interior (19, 67) . E protein is present only in minute amounts in infected cells and in the virus envelope (31, 46, 67, 77, 83) , and yet E protein affects coronavirus morphogenesis (24) and has an ability to produce membrane vesicles containing E protein (19, 49) . The viral genomic RNA and N protein form the helical nucleocapsid structure, which exists inside the viral envelope (23, 75) .
In MHV-infected cells, MHV N protein not only binds to mRNA 1 to form a ribonucleoprotein (RNP) complex (mRNA 1-RNP complex) but also binds to all subgenomic mRNAs to form subgenomic mRNP complexes (4, 59) . M protein selectively interacts only with the mRNA 1-RNP complex in infected cells (59) . This interaction occurs in a pre-Golgi compartment and does not require the presence of S and E proteins (59) . The selective and specific interaction between M protein and mRNA 1-RNP complex likely determines the specific and selective packaging of mRNA 1 into MHV particles. Previous studies, using MHV defective interfering (DI) RNAs, identified a short MHV cis-acting RNA element (packaging signal) that is necessary for specific packaging of MHV DI RNAs into MHV particles (11, 26, 78) . The packaging signal is located 21 kb from the 5Ј end of mRNA 1 and is not present in the subgenomic mRNAs (26, 78) . When non-MHV RNA transcripts containing the packaging signal are expressed in MHV-infected cells, they are packaged into MHV particles, and non-MHV RNA transcripts lacking the packaging signal are not packaged (82) ; the MHV packaging signal is sufficient for packaging RNA into MHV particles (82) . How the packaging signal determines the selective packaging of RNAs into MHV particles is not known.
We hypothesized that the packaging signal, present in mRNA 1, mediates the selective and specific interaction between M protein and the mRNA 1-RNP complex to drive the specific packaging of the mRNA 1-RNP complex into MHV particles. The present study showed that N protein associated with MHV DI RNAs and expressed non-MHV transcripts alike, in either the presence or the absence of the packaging signal, to form an RNP complex in infected cells. M protein, however, selectively interacted only with the RNP complex containing the packaging signal, and only these RNPs were efficiently packaged into virus particles. The packaging signal determined the selective interaction between M protein and the mRNA 1-RNP complex that led to the selective and specific packaging of mRNA 1 into virus particles.
MATERIALS AND METHODS

Viruses and cells.
The plaque-cloned A59 strain of MHV was the helper virus (42) . MHV was propagated in mouse DBT cells (33) . Recombinant vaccinia virus vTF7-3, which expresses T7 polymerase (27) , was grown, and its titers were determined, in RK13 cells.
Plasmid construction. The construction of MHV DI clones DF1-2, FA1, FA2, FA4, FA992A, and FB1 is described elsewhere (26) . We constructed clone FA4ϩPS by inserting the 0.6-kb NsiI-XbaI fragment from FB1 into the 5-kb AccI-XbaI large fragment of DF1-2. A recombinant PCR procedure was used to generate DF⌬PS and ⌬FA2. DF1-2 was incubated with two oligonucleotides, 969 (5Ј-GCTTCTACCCACTGTTTG-3Ј), which binds to antigenomic-sense DF1-2 at nt 2144 to 2162 from the 5Ј end, and 10161 (5Ј-GATAGTGCCACGTGCTA GCGGTTCAAGGCTCCCTG-3Ј), which binds to genomic-sense DF1-2 at nt 2949 to 3052 from the 5Ј end, under the PCR conditions described previously (26) . Another PCR product was obtained by incubating DF1-2 with oligonucleotide 10162 (5Ј-GCCTTGAACCGCTAGCACGTGGCACTATC-3Ј), which hybridizes to antigenomic-sense DF1-2 at nt 2955 to 3052 from the 5Ј end, and oligonucleotide 130 (5Ј-TTCCAATTGGCCATGATCAA-3Ј), which hybridizes to genomic-sense DF1-2 at nt 3532 to 3551 from the 5Ј end. The two PCR products of the expected sizes were mixed, and a second round of PCR was performed using oligonucleotides 969 and 130 as the primers. The recombinant PCR product was digested with NsiI-MscI, and the resulting 1.3-kb fragment was cloned into the NsiI-MscI large fragment of DF1-2 to generate DF⌬PS. FA2 was incubated with oligonucleotide 10100 (5Ј-GTTGTCTGATATCTATGCTGT-3Ј), which binds to antigenomic-sense FA2 at nt 1285 to 1305 from the 5Ј end, and oligonucleotide 10161, under the same PCR conditions as described previously (26) . Another PCR product was obtained by incubating FA2 with the oligonucleotides 10162 and 130. The two PCR products of the expected sizes were mixed, and a second round of PCR was performed using oligonucleotides 10100 and 130 as the primers. The recombinant PCR product was digested with SpeI-MscI, and the consequent 1.2-kb fragment was inserted into the SpeI-MscI large fragment of FA2 to generate ⌬FA2.
RNA transcription and transfection. Plasmids linearized by XbaI were transcribed in vitro by T7 RNA polymerase (52) , and 5 g of the RNA transcript was transfected using lipofection, as described previously (52) . The resultant viruses were harvested 11 h posttransfection.
DNA transfection. We infected subconfluent monolayers of DBT cells with vTF7-3 at a multiplicity of infection of 5 for 1 h at 37°C. At 1 h postinfection (p.i.), we transfected the cells with 10 g of plasmid DNA using a lipofection procedure (37) and at 4 h p.i. superinfected the cells with MHV at a multiplicity of infection of 5. Harvesting of viruses and preparation of cytoplasmic protein lysates were performed at 12 h post-MHV infection.
Purification of viruses. Supernatant from virus-infected cells was collected at 12 h post-MHV infection and briefly centrifuged to remove cell debris. Released viruses were partially purified using ultracentrifugation on a discontinuous sucrose gradient consisting of 60, 50, 30, and 20% sucrose as described previously (39) . After centrifugation at 26,000 rpm for 3 h at 4°C in a Beckman SW28 rotor, virus particles at the interface of 30 and 50% sucrose were collected and further purified on a discontinuous sucrose gradient of 60, 50, 30, and 20% sucrose at 26,000 rpm for 18 h at 4°C. Purified viruses were pelleted through a 20% sucrose cushion in a Beckman SW28 rotor rotating at 26,000 rpm for 2.5 h at 4°C.
Preparation of virion RNA and intracellular RNA. Virion RNA was extracted from purified viruses using established methods (53) . The intracellular virusspecific RNA was extracted from cytoplasmic lysates as described previously (54) .
Immunoprecipitation of MHV-specific RNAs. MHV-specific RNAs were coimmunoprecipitated using an anti-M protein monoclonal antibody, J1.3; an anti-N protein monoclonal antibody, J3.3 (25) ; or a non-MHV monoclonal antibody, H2K k D k (anti-H2K antibody), which reacts with major histocompatibility complex class I antigen, as described previously (59) .
Agarose gel electrophoresis of RNA and Northern (RNA) blotting. RNAs were denatured and separated on a 1% agarose electrophoretic gel containing formaldehyde as described previously (51) . For Northern blot analysis, the nonradiolabeled RNAs were separated on a 1% denaturing agarose gel and then transferred onto nylon filters (51) . Northern blot analysis was performed using two digoxigenin-labeled random-primed probes (Boehringer), one corresponding to 85 to 474 nt from the 5Ј end of MHV genomic RNA and the other specific to the chloramphenicol acetyltransferase (CAT) gene (59, 82) ; the separated RNAs were visualized using the DIG luminescent detection kit (Boehringer) according to the manufacturer's protocol. RNA was quantitated using densitometric scanning. The packaging efficiency for a given RNA species was calculated as the ratio of the amount of that RNA from virions divided by the amount of that RNA from cells.
RESULTS
Direct comparison of packaging efficiencies of MHV DI
RNAs. We used a series of MHV DI RNAs to determine whether the MHV packaging signal present in MHV RNA mediates the specific interaction between M protein and viral RNP complex that leads to specific packaging of MHV RNA into MHV particles. Our previous studies of MHV DI RNAs identified the packaging signal as a 190-nt sequence (190-nt packaging signal) located about 21 kb from the 5Ј end of the MHV genome (26) . Subsequently, we showed that DI RNAs containing a 69-nt sequence (69-nt packaging signal), which is part of the 190-nt packaging signal, are also packaged into MHV particles. Site-directed mutagenesis of the packaging signal showed that the secondary structure formed by the 69-nt sequence is important for the packaging activity (26) . In our previous report, the packaging efficiency of DI RNA containing the 69-nt packaging signal was not directly compared with that of the DI RNA containing the 190-nt packaging signal, because all the experiments were performed using passaged virus samples, which could have allowed the amplification of poorly packaged DI RNA (26) .
In the present study, we directly compared the packaging efficiencies of transfected DI RNAs containing the 190-nt packaging signal (DF1-2, FA1, FA992A, and FA2) with the efficiencies of those containing the 69-nt packaging signal (FB1 and FA4ϩPS) and those lacking the packaging signal (FA4, DF1-2⌬PS, and ⌬FA2) ( Fig. 1 ). MHV-infected cells were transfected with the same amount of in vitro-synthesized, capped DI RNA transcripts. The culture fluid containing the released virus particles was harvested at 12 h p.i. Released viruses were purified using sucrose gradient centrifugation, and viral RNAs were extracted from purified virus particles. To examine the intracellular level of these DI RNAs, intracellular RNA was also extracted at 12 h p.i. Northern blot analysis using a probe that specifically hybridizes with DI RNAs and mRNA 1 showed that, for each set of experiments, the levels of MHV genomic RNA in the released virus were similar across the different samples ( Fig. 2) . Levels of the DI RNAs were similar in the DI RNA-transfected, MHV-infected cells, too ( Fig. 2) . A very low level of intracellular DI RNA was detected in DI RNA-transfected, mock-infected cells (data not shown), demonstrating that the majority of intracellular DI RNA signal represented replicating DI RNA. Some weak additional bands, designated by asterisks in Fig. 2 , were probably other, spontaneously generated DI RNA species.
The relative amounts of RNA packaged into particles varied among the different DI RNAs. We analyzed viral and cellular RNAs in parallel for each experiment in independently transfected cells and calculated the relative packaging efficiencies of the different DI RNAs as the ratio of the amount of a DI's RNA from virions divided by the amount from cells. We also calculated the packaging efficiency of MHV genomic RNA using the same method. The packaging efficiency of different DI RNAs was presented as an approximate percentage of the packaging efficiency of MHV genomic RNA ( Fig. 1 ). Figure  2A shows the data from an experiment comparing DIs containing the 190-nt packaging signal (FA1), the 69-nt packaging signal (FA4ϩPS), and no packaging signal (FA4); packaging efficiencies of FA1 and FA4ϩPS were about 40-and 10-fold higher, respectively, than that of FA4. The sequence of FA4 RNA in extracellular virions was the same as that of input FA4 RNA (data not shown). Similarly, direct comparison of the packaging efficiencies of FA992A, with the 190-nt packaging signal, and FB1, containing the 69-nt packaging signal, showed that FA992A was packaged about fivefold more efficiently than was FB1 ( Fig. 2B ). Figure 2C shows DF1-2, containing the 190-nt packaging signal, and DF⌬PS RNA, lacking the 69-nt packaging signal; the packaging efficiency of DF1-2 was about 40-fold higher than that of DF⌬PS RNA. Figure 3D shows a similar example: FA2, containing the 190-nt packaging signal, was packaged about 40 times more efficiently than was ⌬FA2, which lacked the 69-nt packaging signal. Direct comparison of the packaging efficiencies of DF1-2 and of FA992A, which has a deletion of a 0.68-kb sequence upstream of the 190-nt packaging signal of DF1-2, showed that the two DI RNAs were packaged with similar efficiencies (Fig. 2D) , demonstrating that inclusion of an additional MHV sequence 5Ј to the 190-nt packaging signal did not improve the packaging efficiency. All results were reproduced consistently in triplicate experiments.
These studies clearly showed that DI RNAs containing the 190-nt packaging signal (DF1-2, FA1, FA992A, and FA2) were efficiently packaged into virus particles. DI RNAs containing the 69-nt packaging signal were also packaged into virus particles; however, their packaging efficiency was about four-to fivefold lower than the efficiency of those containing the 190-nt packaging signal ( Fig. 2A and B) . DI RNA lacking the 190-nt packaging signal (FA4) and those lacking the 69-nt packaging signal (DF1-2⌬PS and ⌬FA2) were packaged very poorly into MHV particles. The presence of a low level of DI RNAs lacking the packaging signal in virus particles was not surprising, as MHV DI RNAs lacking the packaging signal replicate in cells infected with passaged virus samples, initially obtained from DI RNA-transfected, MHV-infected cells (26) ; DI RNAs lacking the packaging signal are packaged nonspecifically with a low efficiency.
Specific interaction of M protein with intracellular DI RNP complex containing the packaging signal. We wanted to know whether the packaging signal mediates a specific interaction between M protein and DI RNA, complexed with N protein.
With that purpose, we looked at how helper virus-derived N protein associates with replicating DI RNA and at whether helper virus-derived M protein specifically recognizes DI RNP containing the packaging signal. Cell extracts, prepared at 12 h p.i. from DI RNA-transfected, MHV-infected cells, were immunoprecipitated with an anti-N protein monoclonal antibody, J3.3, or an anti-M protein monoclonal antibody, J1.3; MHVspecific RNAs were extracted from the immunoprecipitated samples. Intracellular RNAs were also extracted from the cytoplasmic protein lysates at 12 h p.i. as described previously (59) . The RNAs were analyzed on a Northern blot using the same probe, which recognizes DI RNA and mRNA 1, that was used for the data in Fig. 2 . Coimmunoprecipitation analysis, using anti-N protein antibody, showed efficient coimmunoprecipitation of all the DI RNAs (Fig. 3) , demonstrating that all those DI RNAs associated with N protein to form DI RNP complex, whether or not that RNA had the packaging signal. This result was expected because all MHV mRNAs, including subgenomic mRNAs, are also associated with N protein in infected cells (4, 59) . Coimmunoprecipitation analysis, using anti-M protein antibody, showed efficient coimmunoprecipitation of only the DI RNAs containing the 190-nt packaging signal (DF1-2, FA1, FA992A, and FA2) ( Fig. 3) . Anti-M protein antibody also coimmunoprecipitated a lesser amount of DI RNAs containing the 69-nt-long packaging signal (FA4ϩPS and FB1), whereas it coimmunoprecipitated only a trace amount of DI RNA lacking the packaging signal (FA4, DF1-2⌬PS, and ⌬FA2) (Fig. 3) . The non-MHV monoclonal antibody, anti-H2K antibody, did not coimmunoprecipitate any DI RNAs (data not shown). Densitometric analysis of the autogradiograms showed an excellent correlation between the amount of DI RNAs detected in virus particles and the amount of intracellular DI RNAs coimmunoprecipitated by anti-M protein antibody ( Fig. 3) . Results from triplicate experiments were consistent. These data demonstrated that N protein associated with all the DI RNAs to form DI RNP complexes, regardless of the presence or absence of the packaging signal, whereas M protein selectively interacted only with DI RNP complexes containing the packaging signal. The profile of M protein interaction with DI RNPs was strikingly similar to the packaging profile of these DI RNPs. This experimental evidence strongly suggested that the M envelope glycoprotein bound only those DI RNP complexes having a packaging signal in a process that brought about the efficient packaging of those same complexes into MHV particles.
Specific interaction of M protein with non-MHV RNA carrying the packaging signal. When non-MHV RNA transcripts containing the MHV packaging signal are expressed in MHVinfected cells, they are packaged into MHV particles, while expressed non-MHV RNA transcripts lacking the packaging signal are not packaged (82) . Analogously, when RNA transcripts containing the bovine coronavirus (BCV) packaging signal are expressed in BCV-infected cells, the expressed RNA transcripts are packaged into BCV particles (17) . We specu-lated that, in MHV-infected cells, M protein would specifically interact with expressed non-MHV RNA transcripts if they had been constructed with an MHV packaging signal and that this specific interaction would allow packaging of the packaging signal-positive, non-MHV transcripts into MHV particles. To test this hypothesis, we used two plasmids, PS5B190 and PS5A, for the expression of non-MHV RNA transcripts in MHVinfected cells (82) . PS5A contains the CAT gene, without a poly(A) sequence, under the control of the T7 promoter and the T7 terminator and has no MHV-specific sequence (Fig.  4A ). PS5B190 contains the 190-nt MHV packaging signal inserted downstream of the CAT gene ( Fig. 4A ). RNA transcripts from these plasmids were expressed using the recombinant vaccinia virus vTF7-3 (27) . Briefly, vTF7-3-infected DBT cells were transfected with PS5A or PS5B190 and superinfected with MHV, and virus particles were harvested 12 h post-MHV superinfection. The released virus particles were purified on a sucrose gradient, and viral RNAs were extracted from purified virus particles as described previously (82) . Intracellular RNAs were also extracted 12 h post-MHV infection. RNA was analyzed on Northern blots using a CAT-sequence-specific probe (82) . As we had observed before (82), the PS5A and PS5B190 transcripts were expressed at similar levels in MHV-infected cells, and yet only PS5B190 RNA was packaged into MHV particles (Fig. 4B) . In three independent experiments, the efficiency of packaging of PS5B190 was consistently about 100-fold higher than that of PS5A RNA.
We went on to look at whether N protein can bind expressed non-MHV RNA transcripts to form an RNP complex in MHVinfected cells. For this analysis, cell extracts prepared from 
MHV-infected cells expressing the non-MHV RNA transcripts
were immunoprecipitated with the anti-N protein monoclonal antibody. Then, the RNA was extracted from the immunoprecipitates and analyzed on a Northern blot using the same CAT-specific probe. Coimmunoprecipitation analysis showed that N protein associated with both PS5A and PS5B190 transcripts (Fig. 4C) . The amount of coimmunoprecipitated PS5B190 RNA was only slightly (about 1.5-fold) higher than the amount of PS5A RNA. N protein bound to both non-MHV RNA transcripts to form an RNP complex; therefore, the presence or absence of the packaging signal did not determine the binding of N protein to the expressed non-MHV RNA transcripts. These results were consistent with a recent report that BCV N protein binds to expressed RNA transcripts containing the CAT sequence in BCV-infected cells (18) . Anti-M protein monoclonal antibody coprecipitated only PS5B190 RNA (Fig.  4C) ; it did not coimmunoprecipitate the PS5A RNA (Fig. 4C) . The amount of coimmunoprecipitated PS5B190 RNA was consistently about 100-fold greater than that of PS5A RNA in three independent experiments. In control experiments, using the same cell extracts, anti-H2K antibody coimmunoprecipitated neither PS5A RNA nor PS5B190 RNA (data not shown). These data demonstrated that M protein selectively interacted with a nonreplicating, non-MHV RNA transcript containing the 190-nt MHV packaging signal and that it did not interact with non-MHV RNA that lacked the MHV packaging signal.
We concluded that the packaging signal determined the specific and selective interaction between M protein and specific intracellular RNP complexes and that this interaction is responsible for the selective and efficient packaging of MHV RNAs containing the packaging signal into MHV particles.
DISCUSSION
The present study tested the possibility that the packaging signal determines the selective interaction between M protein, a membrane glycoprotein, and the viral RNP complex containing the packaging signal. In MHV-infected cells, the MHV nucleocapsid protein, N, bound to MHV DI RNAs and the expressed non-MHV RNA transcripts, PS5A and PS5B190, regardless of the presence or absence of the packaging signal. In marked contrast, M protein selectively interacted only with MHV DI RNPs and non-MHV RNA transcripts, both carrying the 190-nt packaging signal, in MHV-infected cells. The efficiency of interaction of M protein with RNA correlated with the packaging efficiency of RNA into MHV particles. Previously, we demonstrated that M protein selectively interacts only with MHV mRNA 1 and a self-replicating MHV DI RNA, DIssA, both of which contain the 190-nt packaging signal, and also showed that M protein does not interact with MHV subgenomic mRNAs (59); both mRNA 1 and DIssA were efficiently packaged into MHV particles. Collectively, these data convincingly showed that, in the infected cell, M protein specifically interacted with RNPs containing the packaging signal, which then were selectively packaged into virus particles.
Analysis of packaging of DI RNAs into MHV particles showed that the 190-nt packaging signal conferred a higher packaging efficiency on DI RNAs than did the 69-nt packaging signal. The effect of the size of the packaging signal on the efficiency of packaging of RNA into virus particles has not been previously demonstrated for coronaviruses. For retroviruses, the size of the packaging signal affects the relative packaging efficiency of nonretroviral RNAs carrying the retroviral packaging signal (1, 7) . Computer prediction of the secondary structure of the 190-nt packaging signal (mfold version 2.3) showed a stable stem-loop structure, which was identical in MHV-A59 and MHV-JHM strains (data not shown). The rea- son for the efficient interaction of M protein with RNPs containing the 190-nt packaging signal could be the formation of a favorable secondary structure. The RNA secondary structure of the 69-nt packaging signal probably was not optimal for interaction with M protein. Indeed, computer prediction of the secondary structure of the 69-nt packaging signal, in the context of MHV genomic RNA, showed that the structure was different from that of the 190-nt packaging signal (data not shown). This suggested that the sequences flanking the 69-nt region, within the 190-nt packaging signal, are important for the formation of a specific secondary structure, which may allow the RNA to interact efficiently with M protein. Our previous mutagenic analysis of the 69-nt packaging signal revealed that the secondary structure of the 69-nt packaging signal is important for its biological function (26) . However, that study was less quantitative than the present study, because we examined the packaging efficiencies of DI RNAs, each of which contained a mutated 69-nt packaging signal, using passaged virus samples. Direct comparison of the packaging efficiencies of a series of DI RNAs, each of which contains a mutated 190-nt packaging signal with a different RNA secondary structure, will reveal the importance of the RNA secondary structure of the packaging signal for RNA packaging activity.
MHV genomic RNA was packaged about 2 to 2.5 times more efficiently than were DI RNAs containing the 190-nt packaging signal (Fig. 1 ). We know that helper virus mRNA synthesis is strongly inhibited in DI RNA-replicating cells (55); hence, the production of MHV structural proteins is most probably reduced significantly in DI RNA-replicating, MHVinfected cells. Accordingly, the availability of helper virus-derived trans-acting factors required for RNA packaging may be limited in DI RNA-replicating cells, and this situation probably affected the production of DI particles; we speculate that the environment for RNA packaging was not optimized for DI RNA packaging in DI RNA-replicating, MHV-infected cells. Another possibility, for a higher level of MHV genomic RNA packaging, is that some unidentified sequences, which are missing in DI RNAs and are present only in genomic RNA, may enhance the activity of the packaging signal to promote efficient MHV genomic RNA packaging.
For many viruses, viral nucleocapsid recognition of an RNA packaging signal generally begins encapsidation of viral genomic RNA. This interaction is assumed to ensure specificity of packaging of genomic-length RNA into the virus particle. For example, in alphaviruses, the capsid protein specifically recognizes the packaging signal and is the basis for the specific encapsidation of viral genomic RNA (30, 63, 80) . In retrovirus human immunodeficiency virus type 1, the NCp7 domain of Gag polyprotein has been shown elsewhere to specifically recognize the human immunodeficiency virus packaging signal and is principally responsible for the specific encapsidation of the unspliced genomic RNA into the virus particles (8, 10, 20, 29) . In the case of hepatitis B virus, viral RNA packaging occurs through the specific binding of P protein to the encapsidation signal, followed by addition of multiple C proteins to viral RNA to form the nucleocapsid (5, 16, 34) .
Like coronavirus, the viral genome in many negative-strand animal RNA viruses is packaged in the form of a helical nucleocapsid structure. In influenza virus, the packaging signal, which overlaps with cis-acting viral RNA replication signals, has been identified previously (48) , and yet how the packaging signal drives the packaging of specific influenza virus RNA is not known. Both the genomic and antigenomic RNAs of influenza virus form the helical nucleocapsid structure in the nucleus, which is the site of viral RNA synthesis. The influenza virus mRNAs do not associate with N protein. The nucleocapsid-containing genomic RNA, but not the antigenomic RNA, is exported from the nucleus to the cytoplasm. M1 protein and NEP (NS2) protein may play a role in the nuclear export of viral nucleocapsids (14, 56, 60, 62) . The mechanism of this selective transport of the nucleocapsid, containing the genomic RNA, from the nucleus to the cytoplasm is unclear. This selective transport of specific nucleocapsids appears to be important for influenza virus RNA packaging, because envelopment of nucleocapsid occurs at the cytoplasmic membrane. The nucleocapsid of rhabdovirus, a negative-strand RNA virus, also has helical nucleocapsid symmetry. Genomic and antigenomic RNAs form helical nucleocapsids in the cytoplasm of the infected cells, while viral subgenomic RNAs do not form this structure (21, 65) . Of the two helical nucleocapsid species in rhabdoviruses, only the nucleocapsid containing the genomic RNA is efficiently packaged into virus particles. A short cisacting RNA element, at the 5Ј end of the genome of vesicular stomatitis virus, a prototypic rhabdovirus, is key to the packaging of that viral RNA (65, 81) . Another cis-acting viral element(s) also may be involved in the packaging of nucleocapsid (81) . Rhabdovirus matrix protein interacts with the viral helical nucleocapsid (38, 61) , and this interaction probably is important for the packaging of helical nucleocapsid into virus particles, although the mechanism of the selective recognition of nucleocapsid containing the genomic RNA by the matrix protein is unknown. For the negative-strand RNA viruses carrying the genome in a helical nucleocapsid, association of nucleocapsid protein with RNA appears to be a prerequisite for RNA packaging, but a mechanism for selective packaging of specific intracellular helical nucleocapsids is not described.
What we have learned about MHV is that binding of MHV N protein to RNA does not determine the specificity and selectivity in packaging of MHV RNA, because N protein associates with all MHV RNAs (4, 59) and any expressed non-MHV RNAs in MHV-infected cells. The observation that MHV N protein bound to all MHV mRNAs and non-MHV RNA transcripts in infected cells was not unexpected, because N protein is reported to bind in vitro with sequences other than the leader and the packaging signal within the MHV genome (18, 74) and RNAs of nonviral origin (57, 68, 74) . The formation of intracellular RNP complex is not the determinant of selectivity in MHV RNA packaging; rather, the selective interaction between M protein and RNA containing the packaging signal, complexed with N protein, was critical for the specificity and selectivity in RNA packaging. This finding is remarkable in that MHV M protein is a transmembrane viral envelope protein. To our knowledge, for any enveloped virus this is the first example of a viral envelope protein determining the selectivity and efficiency of incorporation of viral RNA into virus particles.
A major question that remains to be addressed is how M protein selectively recognizes packaging signal-containing RNAs, including MHV mRNA 1, DIssA, various DI RNAs, and expressed non-MHV RNA transcripts that contain the packaging signal. One possible explanation is rooted in the earlier step of helical nucleocapsid formation. N protein binding to the packaging signal might induce a specific conformational change in N protein that could serve as a nucleation event for the cooperative binding of N protein to the rest of the RNA, thereby generating the helical nucleocapsid structure. If an RNA lacks the packaging signal, then binding of N protein may not induce a putative nucleation event-generating conformational change. Indeed, an in vitro binding assay showed that MHV N protein binds to the 190-nt packaging signal but not to the 69-nt packaging signal (58) . It is unknown whether binding of N protein to the 190-nt packaging signal induces any conformational change in N protein. Nevertheless, the finding that N protein binds to the 190-nt packaging signal but not to the 69-nt packaging signal (58) was consistent with our present data that the 190-nt packaging signal conferred a relatively higher packaging efficiency than did the 69-nt packaging signal. Among a pool of intracellular viral RNP complexes, M protein may efficiently interact only with one specific helical nucleocapsid structure that is ordained by the packaging signal; in this way, both N protein and M protein would contribute to the selective packaging of specific RNA species into the virus particle. Another possible explanation for the selective interaction of M protein with the packaging signal-loaded RNP complex is that M protein may specifically bind the packaging signal directly. An initial M protein-packaging signal interaction might be further stabilized by the subsequent association of M protein with N protein in the RNP complex. In fact, a direct RNA-independent interaction between M protein and N protein does occur in MHV-infected cells (59) . This stable interaction could lead to the incorporation of the RNP complex into the virus particle. This possible mechanism of RNA packaging that would involve direct binding of an RNA packaging signal by a viral membrane protein has not been described for any other virus, and yet several data are consistent with this possibility. In the absence of N protein, M protein cosediments with genomic RNA in vitro (75) . We observed that only a small amount of PS5B190 transcripts was coimmunoprecipitated by anti-N protein antibody (Fig. 4C ), while the same transcripts were efficiently coimmunoprecipitated by anti-M protein antibody ( Fig. 4C) , implying that the expressed PS5B190 transcripts that were not associated with N protein probably bound to M protein in MHV-infected cells. Furthermore, we have recently observed that the expressed M protein bound to the expressed PS5B190 transcripts, but not PS5A transcripts, in the absence of N protein (K. Narayanan and S. Makino, unpublished data).
